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ABSTRACT
The Thermosphere • Ionosphere •
Mesosphere • Energetics and Dynamics
(TIMED) program, being developed at
The Johns Hopkins University Applied
Physics Laboratory for NASA's Space
Physics Division, is the first in mission
in the Solar Connections program.

Backeround
TIMED is the first element of the
Solar Connections program, intended to
understand the impact of energy and
particle flows from the sun to the earth.
Initiated during a period of more liberal
budgets, TIMED originated as two
spacecraft in very different orbits with
fifteen instruments encompassing nine
principal investigations. In the current
environment, TIMED has been rescoped
as a single spacecraft in a relatively low
orbit (600 km) carrying four instruments
representing four principal investigations. The mission goals have been adjusted to provide a focused science program commensurate with the budget.
Having evolved in this fashion,
TIMED does not have a single Principal
Investigator representing a single institution to make difficult cost tradeoffs (as
most other current programs do). The
independent development of multiple
instruments with diverse goals and
sometimes competing requirements can
lead to an expensive spacecraft. The
evolution of the science program infers
multiple geographically dispersed Payload Operations Centers (POCs) which
must attempt to coordinate the operations of disparate instruments. Historically, this type of operations scenario
has been costly to implement. Having
inherited this set of instruments and investigations, a key challenge for the
TIMED engineering team was to develop a low-cost spacecraft and mission
operations system that would accomplish
the TIMED science goals while keeping
the total life cycle costs within strict
budget constraints.

The TIMED mission, in its present
form, was engineered to reduce life cycle costs. This paper describes the operations concept planned for TIMED and
shows how this novel approach to operations has resulted in a lower overall
cost TIMED relies on a combination of
simplified operations, enhanced automation, and event-based commanding to
provide a mission operations system that
is less expensive to operate, yet more
responsive to the Principal Investigators.
Introduction
TIMED is a low-cost mission aimed
at providing a basic understanding of the
least explored and least understood region of the earth's environment -- the
region of the atmosphere extending from
60 to 180 kilometers in altitude. The
TIMED suite of instruments is intended
to determine the temperature, density,
and wind structure in the Mesosphere,
Lower Thermosphere and Ionosphere
(MLTI) region including seasonal and
latitudinal variations. TIMED is also
intended to determine the relative importance of the various radiative, chemical, electrodynamic, and dynamic
sources and sinks of energy for the
thermal structure of the MLTI, leading
eventually to an improved understanding
of the energy balance of this key region.
t
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Concept Development

Reducjn2 Operations Costs
For TIMED, a deliberate effort has
been made to reduce MO&DA costs.
An examination of typical MO&DA
funding reveals that personnel costs are
the primary cost driver for post-launch
expenses. The key to reducing MO&DA
costs is reducing the staffing levels of
operations centers. Several concessions
from the Principal Investigators were
instrumental in reducing operations personnel requirements and hence MO&DA
costs for TIMED. One of the major
concessions was the elimination of 24hour operations. For TIMED, all operations will be single shift, seven days per
week. This yields a three-fold reduction
in staff (and operations costs) relative to
24-hour operations. As part of this concession, the Principal Investigators also
agreed that all operations would be e ssenti ally daylight operations (i.e., scheduled between 8 AM and 8 PM) to reduce
the logistics of staffing the operations
centers seven days per week.

The viewing requirements of the four
TIMED instruments are uniquely interrelated. The Solar Extreme-ultraviolet
Experiment (SEE) views from zenith to
the horizon on the sunward side of the
spacecraft; the Global Ultra Violet Imager (GUVI) views from nadir to the
earth's limb; the Sounding of the Atmosphere by Broadband Emission Radiometry instrument (SABER) views the
earth's limb orthogonal to the ram direction on the anti-sunward side; and the
TIMED Imaging Doppler Interferometer
(TIDI) requires four separate views of
the limb, ± 45 degrees from the ram and
anti-ram directions. The unique relationship of these selected views is their
mutual exclusivity. Another key factor
is the lack of any requirement for the
spacecraft to slew -- the spacecraft is
only required to hold a stable and wellknown attitude.
The four independent views lead the
spacecraft development team to explore
whether the four instruments could be
decoupled in other parameters as welL
Upon closer examination, we concluded
that the four instruments could be completely decoupled if appropriate measures were observed. This conclusion
stimulated discussions that lead to the
TIMED mission operations concept,
which subsequently drove the spacecraft
and mission operations system design to
reduce overall life-cycle costs (including
the costs associated with both spacecraft
development and the Mission Operations
and Data Analysis, or MO&DA, phase).

As part of the design effort, a survey
of operations functions was conducted to
identify other potential savings. It was
concluded that considerable savings
could be achieved if time-consuming
analytical functions such as orbit determination and propagation, attitude determination, and post-event time correlation could be automated on-board the
spacecraft and this data could be integrated into the downlinked data stream.
This automation results in a significant
reduction of operations personnel at the
cost of increased spacecraft complexity.

Historically, the MO&DA phase has
consumed a considerable fraction of total program funds for NASA missions.
This is essentially by design, or lack
thereof -- in the past, there has been no
motivation to reduce MO&DA costs. In
some cases, Phase CID costs have been
deliberately pushed forward to the
MO&DA phase, which has not generally
been as cost constrained as the development phase. This practice of pushing
costs forward has been particularly apparent for deep space missions.

One important area of operations
was found to be resistant to staffing reductions. A massive effort is conducted
in operations centers every day to develop integrated command uploads for
spacecraft and instruments. For most
spacecraft, the deconfliction of competing scientific and operations requests is a
complex and personnel-intensive task. It
was deemed essential to reduce this task
if operations staffing and post-launch
MO&DA costs were to be reduced.
2
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spacecraft bus. All telemetry for monitoring the spacecraft state of health is
analyzed in the MOC; all commands for
maintaining the bus are developed in the
MOC. This includes monitoring and
maintaining the health and status of all
bus functions, such as battery state of
charge, wheel momentum, solar panel
degradation, thermal radiator degradation, and command memory mapping.

The Greyhound Bus
Deconflicting access require men ts
and scheduling the use of limited assets
is not unique to spacecraft -- it is the essence of operations management and is
common to virtually all operational systems. In approaching this problem, we
considered several models of operations
management before settling on one that
fit our needs and provided simple, effective, and low cost operations. We refer
to this as The Greyhound Bus paradigm.

All instrumen ts, as passengers on the
bus, are responsible for their own operations. Command uploads for the instruments are developed in the Payload Operations Centers (POCs) for each individual instrument. All telemetry data,
including health, status and calibration
as well as scientific data, are analyzed in
the individual POCs.

Bus transportation is considered to
be the model of low-cost and efficient
travel all around the world. A wellknown U.S. bus company advertises
"Take the bus and leave the driving to
us ... " The bus line, in the person of the
driver, is responsible for driving the bus,
i.e., navigating and keeping everything
on schedule. On the bus, the driver announces the stops and points of interest
to the passengers. It is up to the passengers to take the appropriate actions at the
appropriate times (getting on and off,
taking naps, looking out the window,
writing a letter to home). The key to the
efficiency of the bus is that the functions
of the bus driver and the passengers are
decoupled; the bus provides essential
services and the passengers are responsible for their own actions. The bus
driver does not tell the passengers when
to get off or use the restroom, i.e., he
does not schedule or control the passengers' activities. This model of operations
can be easily translated to spacecraft operations; the parallels in the two scenarios become more apparent upon closer
examination. With this paradigm in
mind, we developed the operations concept for TIMED.

As a service provider, the spacecraft
provides everything the instruments need
to perform their measurements. This
includes a ride to the correct orbit, the
desired view (would you like a window
seat?), a benign thermal environment
(remember when buses advertised Air
Conditioned?), and prime power. The
spacecraft also provides a two-way
communications service for sending and
receiving messages from home. Finally,
the Command and Data Handling
(C&DH) subsystein broadcasts information required by the instruments such as
time, position, attitude, and points of
interest (if you look out the left side of
the bus you can see the Aurora Borealis).
The use of this information will be discussed further in the section titled EventBased Commanding.
The Operations Cycle
Refer to Figure 1 for the following
discussion of the operations cycle. The
cycle begins at the MOC and POCs,
where the operations and science plans
are developed respectively. A command
upload for the spacecraft bus is developed from the operations plan at the
MOC. Command uploads for the instruments are developed at the POCs.
Shortly before each day's scheduled

The TIMED Operations Concept
For TIMED, the bus line is The
Johns Hopkins University Applied
Physics Laboratory, the bus driver is the
spacecraft, and the passengers are the
instruments. The Mission Operations
Center (MOC) and its staff are responsible for operating and maintaining the
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Figure 1. TIMED Operations Concept
uplinked. Each upload has address information in its header informing the bus
where to deliver each uploaded packet.
Simultaneously, the telemetry stored in
memory will be downlinked to the
MOC. The recorded data from both the
spacecraft and instruments is packetized,
with each packet labeled as to source.
On the ground, the data is sorted by
source and archived for later retrieval via
Internet The MOC and each of the four
POCs will analyze their data; their results are fed into planning for the next
day's command upload and the cycle
begins again. Operation of the instruments and spacecraft are as decoupled as
can be practically achieved, saving the
considerable time and personnel expense
involved in coordinating and scheduling
integrated command uploads.

pass, each POC will send a command
upload file to a mailbox at the MOC.
Files sent to these mailboxes will be encrypted using a public key encryption
scheme to protect the system from
spoofing. At a specified time prior to
the beginning of the daily contact, the
MOC will check the contents of each
mailbox for uploads to be processed.
Each upload will be decrypted and
checked for correct addresses in their
headers. No vetting of the upload contents will be conducted beyond a simple
address check. When the pass begins,
the MOC will first conduct a basic
spacecraft health check to look for
emergency flags that may have been set
since the last contact. Following this
check, the command loads for the spacecraft and each of the instruments will be
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Eyent-based Commandini:

ger an event-based command, including
polar or auroral zone crossings or ground
~tation passes. We are still soliciting
mputs from the PIs regarding the stimuli
they would like to have sensed or predicted to trigger an event announcement.
We anticipate that this advance will simplify operations for both the spacecraft
and instruments, as well as enhance the
flexibility and autonomy of the PIs in
planning their experiments and investigations.

Most spacecraft operations are timetagged, which is to say each command is
executed at a predetermined time. This
type of ~ommanding can be complex and
de~anding to schedule, as it requires an
ablhty to accurately predict the times of
events to which spacecraft and instrument commands should be synchronized
(such as polar crossings, terminator
crossings, eclipses, sunrises or sunsets
auroral sightings, or passes over specifi~
geographical locations such as ground
stations). Such planning cannot be done
too far in advance due to unpredictability
o~ space~raft or~its, particularly low orbIts durmg penods of solar activity.
Furthermore, such commands are essentially one-time commands -- once executed, they are removed from memory.
Times must be recalculated for any future use of this command sequence. For
earth. <?rbiting spacecraft operating in a
~epebtIve pat~ern, this type of operations
IS unnecessanly personnel-intensive.

Spacecraft Impacts

This method of operations is not accomplished without some impact on the
spacecraft, of course, or else somebody
would have done this a long time ago.
First, it should be noted that many
space missions simply cannot be operated in this fashion. For most, if not all,
planetary spacecraft, key events are too
complicated; such operations absolutely
require coordination between the instruments. In some spacecraft, not all instruments can be accommodated with
views they require simultaneously, so
they must take turns observing. In other
cases, a spacecraft may acquire and track
a target for observation, which may disturb the observations of another instrument. To operate in this fashion, therefore, it is essential that all instrument
operations be de coupled from each other
as well as from the spacecraft.

For TIMED, we are instituting a
method of operations called Event-Based
Commanding. If this approach has been
previously utilized in other spacecraft,
we are unaware of such use. The key to
event-based commanding is that comman~ sequences are triggered by events,
not tImes. For example, if a given instrument is to change modes at terminator crossings from day to night mode, it
responds to broadcast announcements of
day or night or terminator crossing
r~ther than acting at a pre-determined
tIme. One of the extremely attractive
featu!es of this type of commanding is
that It never has to be uploaded again
unless the PI changes their mind about
the definition of day or night modes - the
spa~ecraft and instrument can just go on,
orbIt after orbit, changing modes at
every terminator crossing until told to do
otherwise. Operations are much simpler
to. p~an. Th~ intervening step of determmmg the bme of day and night terminator crossings is automated on-board
the spacecraft. Any event that can be
sensed or predicted can be used to trig-

Second, this operations concept does
not allow coordination of power and
thermal loading, therefore, the spacecraft
must be very robust in power and thermal capacity. The TIMED approach is
to design for the case of all instruments
operating in their high-powered mode
continuously. The assumption is that
heater power will be used to compensate
for missing thermal loads at times of
lower power usage (the heater power
used will not exceed the unused power
in this scenario). This approach clearly
flies in the face of convention -- most
spacecraft are delicately tuned and balanced to have exactly the power needed
to accomplish the mission with no ex5

cess power beyond required margins.
With the current state of the art in solar
cells, solar arrays, and batteries, it is our
contention that (within reason) the excess power capacity required costs l~ss
than the manpower needed to delicately
balance power and thermal profiles
every orbit for years of operations.

Regarding the expense of developing
flight software for autonomy, much of
the software for orbit determination and
propagation, attitude determination, and
time correlation have either already been
developed or else would need to be developed for ground-based operations.
The workstations used to perform these
functions in the past are no more capable
than current generation spacecraft processors.

Finally, it must be noted that this operations concept relies on high levels of
spacecraft autonomy. The spacecraft
must detect its own position (TIMED
will use GPS) and determine and propagate its own orbit to have an on-board
knowledge of events such as ground station passes and terminator crossings.
The spacecraft must determine its own
attitude and keep universal time within
the required levels of accuracy. All of
this data must be formatted, packetized,
and recorded in memory along with instrument and housekeeping telemetry.
These enhanced capabilities do not come
without additional design and development cost.

One key concession was required
from the PIs regarding fault tolerance.
Ground-based processors can simply be
rebooted if they hang up or crash. This
is not true for many space applications.
The development and testing of faulttolerant software is an expensive process. For TIMED, the PIs have agreed
that the occasional loss of a day's data in
the event of a processor crash is acceptable in the interest of saving the expense
of developing fault-free or fault-tolerant
software. As a safety measure, hardware
decoded interrupt and reset commands
will be built into the command system to
allow processors to be reset or switched.
Newly developed software modules and
patches can be uploaded from the ground
to replace faulty software if necessary.
With this approach, much of the expense
associated with developing fault-free or
fault-tolerant flight code can be avoided
without incurring unacceptable risks.

Again, we assert that the development of these capabilities is less expensive than the staffing of operations consoles for years of daily operations.
Most of these onboard functions will
have been demonstrated by other spacecraft prior to the TIMED launch. We
noted early in our planning stages that
extremely capable space-qualified processors (such as the Loral RAD6(00) are
becoming available. Such processors far
exceed the needs of an old-fashioned
"dumb" spacecraft, but are well matched
to the sophisticated needs of TIMED.
Add to this their capability to run multitasking operating systems and high-level
languages such as C and Ada, and developing flight software becomes much
easier than was the case with previous
generations of spacecraft processors.
This is not to say that such processors
and software development are cheap,
however, they are not significantly more
expensive than simpler space-qualified
processors, many of which are becoming
unavailable due to obsolescence.

Operations Costs
The reason for incorporating these
advanced concepts in spacecraft autonomy, event-based commanding. and
decoupled operations is to save lifecycle costs. TIMED has not yet been
given a formal Phase C/D start. In a recent cost exercise, however, development costs for TIMED for Phase C/D
through launch plus thirty days were
within NASA guidelines for the program's cost. Much more significantly,
less than 10% of post-launch MO&DA
costs were attributable to the operations
team and the Mission Operations Center.
This is the equivalent of only six fulltime operations personnel.
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Conclusions
The development of the TIMED
spacecraft and mission operations system has been an exercise in reduc~ng
life-cycle costs. The development of an
efficient operations concept was key to
reducing overall costs. The TIMED operations concept relies on spacecraft
autonomy, a robust spacecraft design,
decoupled spacecraft and instrument operations, single-shift daytime-only
ground station passes, and event-based
commanding to significantly reduce personnel requirements, there by reducing
post-launch costs. An additional benefit
of this approach is the increased flexibility and autonomy for the Principal
Investigators, giving them much closer
control of their own instruments, thereby
improving the turnaround time and efficiency of their scientific investigations.
Early results from costing exercises have
borne out the assumption that this approach will significantly reduce postlaunch operations costs.
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